Abstract. Knowledge of air mass is vital for the interpretation of twilight measurements of trace gases, as well as the conversion of measured slant column amounts to vertical abundances for comparison with model predictions. Radiative transfer computations were used to determine NO2 air mass values for clear skies at 450 and 650 nm using a discrete ordinate (two different formulations), Monte Carlo, and an integral equation method. All four methods yielded agreement to within 6% at a solar zenith angle of 90 ø when the absorber was located in the stratosphere. For a tropospheric absorber, differences as large as 21% occurred at 90 ø . Since only the Monte Carlo method treats the scattered radiation in spherical geometry, it is more accurate for computing tropospheric air masses where multiple scattering is significant. The other three models use a conceptual approximation by treating the scattered radiation in plane parallel geometry. However, for absorbers in the stratosphere, major saving of computing time without any loss of accuracy is obtained using the discrete ordinate or integral equation method as compared to the Monte Carlo method.
Introduction
Spectroscopic measurements of scattered light to determine the slant column abundance of trace gases such as NO2, OC10, and BrO make use of long optical paths through the atmosphere to maximize absorption. The air mass is the ratio of the slant column to vertical column abundance. Accurate determination of the air mass requires access to a good radiative transfer model and knowledge of the profile of the absorbing gas. Twilight observations of the zenith-sky radiance are commonly used to enhance the optical path through the atmosphere. Thus Brewer [1973] , Noxon [1975] , Harrison [1979] , McKenzie and Johnston [1982] , Mount et al. [1987] and Pomruereau and Goutail [1988] used visible light spectrometers pointed at the zenith sky to measure the differential absorption of NO 2 during twilight. Solomon et al. [1989] and Schiller et al. [1990] extended the technique to measure OC10 and BrO.
Unlike the direct solar beam, which in the absence of refraction travels along a straight optical path, scattered or diffuse skylight travels along a random-walk path before reaching the detector.
abundances to their vertical counterparts for comparison with column abundances predicted by photochemical models. They are also required to retrieve the vertical profile of the absorber from a time series of slant column abundances derived from scattered light measurements [McKenzie et al., 1991] . Air mass values for a given solar zenith angle depend on the abundance of scattering particles in the atmosphere and therefore on the aerosol loading and its spatial distribution. In the presence of significant aerosol loading, it is crucial to know whether changes in the measured slant column abundances are due to real changes in absorber amounts, changes in air mass values due to the aerosols, or both [Johnston et al., 1992; Perliski and Solomon, 1992] . Accurate computations of air mass values for a variety of atmospheric conditions are therefore essential in order to make reliable retrievals of stratospheric trace gases from remotely sensed radiation measurements.
Computation of air mass requires a rather complete knowledge of the optical properties of the atmosphere, including cross sections for absorption and scattering as well as profiles of radiatively active atmospheric constituents from which the optical depth, single-scattering albedo, and phase function may be determined. Spherical geometry must be considered for the large solar zenith angles used, as must the effects of multiple scattering for tropospheric trace species. The effects of surface albedo were shown to be insignificant in the case of stratospheric absorbers [Perliski and Solomon, 1993] and will be neglected in the computations that follow. The reason is that light reaching the stratosphere, after being reflected by the lower atmosphere and surface, is unlikely to be scattered back to the detector due to the small-scattering optical depth of the stratosphere. The effect of refraction will be omitted, although refraction becomes increasingly important as the solar zenith angle gets larger [Perliski and Solomon, 1993] . Different methods have been utilized to compute air mass [Sarkissian et al., 1995] . The aim of this paper is to compare the methods and results of four different ways to compute air mass. Computations for clear-sky and isotropic scattering made with the discrete ordinate (using two formulations), Monte Carlo, and integral equation methods are presented and compared. The sources and the significance of the differences between the results obtained by these methods are discussed.
After describing how air mass is calculated in section 2, we describe the different radiative transfer models in section 3.
The results are presented in section 4 and our conclusions are provided in section 5.
Theory Radiative Transfer
The refraction. We will assume that the index of refraction is constant, equal to unity, in this paper. Equation (6) leads to the following simple expression for the slant optical path I rs = -ln I0 (7) where I o is the incident intensity and I is the intensity after attenuation.
Scattered Light Transmission and Air Mass or Path Enhancement
For scattered light measurements the detector typically accepts light from a small solid angle around the direction of observation. We shall assume here that this direction is along the zenith. Diffuse atmospheric skylight is described by (5) rather than (6) because the intensity at the ground depends on the scattered contributions from each altitude and the multiple scattering and absorption of that light on its migratory path to the detector. The intensity of singly scattered light from a specific altitude in a given direction is proportional to the product of the direct solar radiation reaching that level (which increases with altitude), the scattering cross section including its angular dependence (phase function), the molecular density (which decreases with altitude), and the concentration of scattering particles. The zenith intensity at the ground is the sum of singly and multiply scattered downwelling light from each level, attenuated on its way to the ground as described in (5 Three radiative transfer models will be used to compute zenith intensities at the ground before and after introducing optically thin (,• < 0.01) absorbing layers from which the air mass •.
• is determined using (9). A fourth model will also be considered that is based on a different formulation of the air mass.
Computation of Air Mass
Air mass may be calculated in two different ways. The first method [Perliski, 1992] determines the air mass by computing zenith intensities at the ground level and using (9). The second method is based on a weighting scheme [Dahlback et al., 1994] which is useful if multiple scattering is unimportant. It is justified as follows.
Weighting Method
The atmosphere is divided into L adjacent layers shown in Figure 1 . For simplicity we consider single scattering only. We assume that all single-scattering events along the vertical line within layer l take place at the midpoint of layer l, i.e., at an effective scattering height. The intensity of radiation in the nadir direction that has been scattered once within layer l is denoted by I t. Before entering the detector, these photons follow a vertical path and are attenuated by a factor e -*t, where -rt is the vertical optical depth (scattering plus absorption) from the center of layer l to the detector at the ground.
The total intensity of singly scattered photons from the ze- As noted previously (after equation (3)) in plane geometry, Ch = l/rio, and the second term of the left-hand side of (13) proportional to OI/Ou disappears. In the pseudospherical approximation the second term on the left-hand side of (13) 
Results of Air Mass Computations
Four methods were used to calculate air mass. They are DISORT I, discrete ordinate method using (9) by computing ratios of zenith intensities; DISORT II, discrete ordinate method using the weighting scheme described by (10)-(12); Monte Carlo, Monte Carlo statistical method using (9); integral equation method using (9).
Air mass was computed for two absorber heights at two wavelengths. In the first case, a 5. To investigate the reasons for the poor agreement for a tropospheric absorber, the DISORT I and Monte Carlo zenith intensities at 90 ø were compared as shown in Table 1 (tropospheric absorber) and Table 2 (stratospheric absorber). The best agreement (within 0.7%) is at 450 nm for a tropospheric absorber, and the worst agreement (about 4.5%) is at 650 nm for a tropospheric absorber. Results from the other two models agreed to within 2% of DISORT I and have been omitted. Note the very close agreement in the ratio of zenith intensities with and without absorber (I'/I). In spite of the small differences in these ratios, taking the natural log of the intensity ratio (equation (9)) results in a larger difference in air mass. The reason is that for small x, ln(1 -x) is close to -x. For instance, at 450 nm with a tropospheric absorber (the worst agreement among the four cases) the DISORT I and Monte Carlo intensity ratios differ by only 0.05%, yet their log ratios (and hence the air mass values) differ by 17%.
The weighting method (used in DISORT II) gives good agreement with the other three models for a stratospheric absorber where multiple scattering is minimal but poorer agreement for a tropospheric absorber where multiple scattering is significant. As mentioned, the weighting method does not allow photons to be scattered back into the beam between the last scattering event and the ground, which is likely the source of this method's disagreement with the other three models.
Conclusions
Air mass values relevant for measurement of NO: have been computed using four different methodologies. The agreement among the four methods is within 6% at 90 ø solar zenith angle at 450 and 650 nm when the absorber is in the stratosphere. Thus the conversion of 90 ø solar zenith angle slant column abundances to vertical column abundances using these air mass values will agree to within 6% for a stratospheric absorber. Larger differences in air mass occur when the absorber is in the troposphere where multiple scattering becomes significant. Because the absorption for tropospheric absorbers at large zenith angles is small, the ratio of intensities with and without absorbers is very close to 1. Therefore slight differences in zenith intensities lead to significant differences in air mass values. Practically speaking, these differences in tropospheric air mass values are not critical to the community of stratospheric spectroscopists interested in measuring NO2, BrO, or OC10 column abundances because there is normally 
